Strong cluster eccentricity evolution for z ≤ 0.13 has appeared in a variety of observational data sets. We examine the evolution of eccentricity in simulated galaxy clusters using a variety of simulation methodologies, amplitude normalizations, and background cosmologies. We do not find find significant evolution for z < 0.1 in any of our simulation ensembles. We suggest a systematic error in the form of a redshift-dependent selection effect in cluster catalogs or missing physics in cluster simulations important enough to modify the cluster morphology.
cosmological background, made possible by a greatly reduced recent merger rate. Mergers tend to occur by infall along supercluster filaments (Shandarin and Klypin 1984; Colberg et. al 1999) which can lead to alignment of the cluster axis (Bingelli 1982; , and references therein) as well as aligned bulk flows within the cluster (Novikov et al. 1999 ).
This poses new questions of structure formation for cosmological simulations. Will cluster eccentricity evolution appear there? Does it depend on the initial conditions, the background cosmology, and/or the physics included within given simulations? Richstone, Loeb, & Turner (1992) showed that cluster morphology could be used as a diagnostic of mass density in the Universe. While a cosmological constant, λ, was argued to have little effect, a large mass density Ω m would produce more irregular clusters due to recent formation; on this basis they argued Ω m ≥ 0.5. Mohr et al. (1995) looked at a variety of simulations, finding their Ω m = 1 simulations closest to the distribution of axial ratios for observed clusters, since low-Ω m simulations produced too-spherical clusters. Jing et al. (1995) disagreed, noting that open or λ-dominated flat cosmologies also produced substantial irregularity in clusters. Using the terminology OCDM and λCDM for these, and τ CDM for the Ω m = 1 case, they found increasing irregularity and eccentricity in the order λCDM, OCDM, τ CDM, in agreement with results we shall present later. They found the effect of λ was smaller for increasing Ω m , as one would expect. They did not explore evolution. Thomas et al. (1998) reinforced these conclusions. Suwa et al. (2003) presented results on ellipticity evolution, comparing clusters only at z = 0 with those at z = 0.5 (but not intermediate redshifts). The results suggest again that λCDM clusters are slightly more spherical than OCDM clusters, although the difference is small. They found a small amount of ellipticity evolution between the two redshifts.
We are interested in exploring the evolution of eccentricity in the recent past, especially for redshifts 0 ≤ z ≤ 0.1, where there is a variety evidence for evolution in the data.
Simulations
We examined projected cluster properties in a variety of simulations based on Cold Dark Matter and Gaussian perturbations (hereafter CDM). One set has been previously described and extensively used elsewhere (Loken et al. 2002, and references therein) . We refer to this as the λCDM simulation. This simulation focused on the most massive objects within a region 256 h −1 Mpc on a side in a flat, cosmological-constant dominated universe (Ω 0 = 0.3, Ω λ = 0.7) with a baryon fraction of Ω b = 0.026 and a Hubble constant of 70 km/s/Mpc. The initial conditions used the Eisenstein & Hu (1999) parameterization of the CDM power spectrum, normalized to an amplitude corresponding to σ 8 =0.93, where σ 8 is the rms density fluctuation inside spheres of radius 800 km s −1 . The dark matter particle mass was 1.3 × 10 10 M ⊙ and the evolution of the gas was followed with an Adaptive Mesh Refinement method (see Bryan 1999) that solves the equations of hydrodynamics (not including radiative cooling, thermal conduction, or star formation) on a grid. The method starts off with a relatively coarse mesh but decreases the mesh spacing in dense region so that the smallest cell size (best resolution) achieved was 16 h −1 kpc. We used X-ray images assuming a metallicity of 0.3 of solar in the 0.5-2.0 keV bandpass. We used previously saved data on 11 clusters taken at z = 0.25, 0.1, and 0, identified using the "HOP" algorithm (Eisenstein and Hut 1998, hereafter EH) . This algorithm finds regions above some threshold density, and merges them, associating them with regions of some maximal density δ peak . These regions are merged into a single region ("cluster", for our purposes) if they lie within a contour of density δ saddle . Any associated particles are also considered part of the cluster if they lie within a connected contour above the density δ outer . The parameters used to identify these clusters were were 480, 400, and 160 for δ peak , δ saddle , and δ outer , respectively. For more details on this method see EH. In the λCDM, the mesh-refinement method requires following the same volume element, chosen by the presence of a cluster at z = 0, through its evolution. Clusters at higher redshift are taken from this volume; it is possible that in this case they may not be the most massive clusters in the large simulation volume at earlier times.
We conducted another, larger, ensemble of pure Nbody simulations. All used the same initial power spectrum, corresponding to CDM (Bardeen et al. 1986 ) with Γ=Ωh=0.225. This was evolved in both an open (Ω m0 =0.34) and a flat, matter-dominated (Ω m0 =1) background, called OCDM1 and τ CDM respectively. Inclusion of the τ CDM model was motivated by the wish to see whether major differences in the expansion rate affected the eccentricity. Both OCDM1 and τ CDM were initially run as before, to an amplitude corresponding to σ 8 =0.93. A Hubble Constant h = 2/3 was used in the simulation analysis. These Nbody runs had three realizations each of 256 3 particles in boxes of 128 Mpc diameter. Given two independent axial ratios out of three projections, we have 54 views at each redshift which have the statistical weight of 36 views. (We have the equivalent weight of 22 views in the λCDM runs.) The dark matter particle mass was 5.2 × 10 9 M ⊙ in the low Ω m model and proportionally larger in the high Ω m model. Data was taken at moments corresponding to z= 0.2, 0.1 and 0 in the OCDM1 and τ CDM simulations.
For consistency with our previous observational analyses, we simulated clusters of Richness R ≥ 1. Volume-limited samples exist for such clusters, but not for Richness 0. We used parameters 400, 200, 80 for HOP in this case, in analogy with densities of observed clusters and virialization density thresholds. Having identified clumps with HOP, clusters were identified with the N most massive clumps in the simulation corresponding to a mean separation of 50h −1 Mpc. We therefore have a total of 18 clusters from our three realizations. In the OCDM1 boxes, our selected objects ranged from about 8 × 10
13 to 1 × 10 15 M ⊙ , for the mass within an Abell radius. This agreement with the mass range of observed clusters is a consistency check on our procedure. In the τ CDM box, they were about three times more massive, as expected for consistency with the assumed background cosmology. In the λCDM box, the range was from about 5 × 10 14 to 2 × 10 15 M ⊙ .
Having chosen these clusters, three Cartesian projections were constructed. There are only two independent axial ratios, a/b, and b/c, therefore only two independent ratios in projection, whether we project along cluster principal axes or not. We project along the simulation coordinate axes, since we do not want to prefer principal axes; we use all 3 axes for balance. In order to take account of this partial lack of independence, we recognize that the standard deviation of our results is smaller by a factor of 2 3 than if they were fully independent. This is taken into account in all statistical results quoted here.
After initial analysis of OCDM1, we decided to examine more closely the possible effect of amplitude normalization. We therefore reran the entire ensemble with lower values of σ 8 =0.78 and 0.58, called OCDM2 and OCDM3 respectively. Naturally, these clusters are somewhat less massive than in OCDM1.
We have 33 projections of λCDM simulations at each redshift, and 54 of each of the OCDM1, OCDM2, and OCDM3 and τ CDM simulations. Including the fact that each of these is viewed at three redshift stages, our simulated cluster sample size is larger than any of the individual data samples studied in MCM, though not as large as the APM sample used by Plionis (2002) .
Fair sampling is a consideration here. We are viewing the same overall simulation volume, and in most cases, the same clusters, at a variety of redshifts. This is obviously not true in the observed samples. If this were important, cosmological simulations as currently analyzed would be of limited relevance to understanding structure formation. Separate simulations would be needed for each redshift bin. We partially compensate for this effect (which we assume to be small) in the OCDM and τ CDM simulations by identifying clusters separately in each redshift bin. This occasionally resulted in the selection of different objects at different stages of evolution.
In the λCDM, the mesh-refinement method requires following the same volume element, chosen by the presence of a cluster at z = 0, through its evolution. Only the most massive clusters in this simulation were chosen for mesh refinement. The space density and threshold mass for the objects chosen corresponds to a richness R > 2. Clusters at higher redshift are taken from this sub-volume; it is possible that in this case they may not be the most massive clusters at that z in the large simulation volume. An additional caveat in the application of the λCDM group is therefore its correspondence to richer clusters. However, according to the study of Plionis (2002) , ellipticity evolution is not weaker for richer clusters.
Determination of Eccentricity
Observers had widely varying procedures for selecting which portions of clusters to analyze, and in some cases the procedure was not specified. When major and minor projected axes were found, varying definitions of ǫ, the ellipticity, were applied. In fact, varying definitions of ellipticity appear in common use in mathematics, physics and astronomy literature. We followed one well-specified procedure and a standard definition of eccentricity. This geometrical term is well-known, and not subject to the ambiguity in definitions of "ellipticity". For an ellipse with major and minor axes a and b respectively, the eccentricity e is defined by
this definition of e is also used for ǫ by some, but not all, work which reports on "ellipticity". Another common definition of ellipticity, ǫ= 1-b/a, has e and ǫ increasing monotonically with one another inside their useful ranges from 0 to 1.
Only projected information is available for observed clusters in useful precision, so we study our simulated clusters in projection. The center of these objects was defined for most analyses here as the center of mass of the linked particles. It must be stated clearly that the procedures used in observational studies are not uniform, or even always clearly specified. This center of mass is our closest possible analog for the center of mass of the optically luminous matter-the galaxies. In the case of the λCDM simulation set, we also analyzed the synthetic X-ray emission of the clusters. In this case, we chose as a center the region of strongest simulated surface brightness in the X-ray. For the sake of fuller exploration, we repeated this procedure using the highest peak of the projected mass density as the center, and found no qualitatively different conclusions after referring our computation to the center of mass of annuli drawn around this center.
We selected the "annulus method" which was used by Plionis and others; it emphasizes the outer regions of the cluster, which is important in trying to measure ellipticity for highly centrally concentrated X-ray images. This is the most widely used method in cluster ellipticity work. For each cluster projection, having chosen a center as described above, a circle of radius 1.5 h −1 Mpc was drawn about this point. Then another circle of smaller radius was placed so that the annulus between them had 0.2 times the entire mass enclosed within the outer circle. The purpose of using annuli is to emphasize outer regions, especially important for highly concentrated, emission-weighted X-ray images. We repeated this procedure using 2.0 h −1 Mpc, with no qualitatively different conclusions. We also examined the eccentricity of our clusters when the entire mass within 1.5 h −1 Mpc was used rather than an annulus. Although eccentricity values were generally lower, our conclusions again were qualitatively the same.
We computed the "inertia tensor" I of this annulus with respect to its center of mass (center of emission for X-ray images). Very few observational studies mentioned that they used the center of mass frame; we hope that they did since the results are nearly meaningless without. If not computed with respect to the center of mass, the eigenvalues have no particular relationship to the axes of the object. We used the conventional definition
where we sum over regions α.
The eigenvalues of I are proportional to a 2 and b 2 , as defined above, for a homogeneous ellipse. In this way we define the eccentricity of the projected simulated cluster approximated as an ellipse.
Results
In Table 1 below, we show for each of the three simulation types, the median and mean e at each redshift bin, as well as the standard deviation of the mean. Note that the standard deviation in the estimate of the mean is smaller than the standard deviation of one measurement. Figures 1 and 2 contain histograms of the eccenticity for the OCDM1, τ CDM, and λCDM ensembles.
In agreement with previous studies, we find increasing eccentricity in the order λCDM, OCDM1, τ CDM at z = 0.
We also performed a Wilcoxon rank-sum test (Lehman 1998) to compare samples at different stages of evolution and with one another. A nice feature of this test is that it will give the same results for comparing measures which are nonlinearly related, but monotonically increasing functions of one another, like e and ǫ. In this case, the null hypothesis is that one sample does not have systematically larger or smaller eccentricity than another. In the last column, we give the confidence in eccentricity evolution (reduction with lower z). In particular, the number in this column is the probability that the change in eccentricity seen could result from random draws of a cluster population which did not have decreasing eccentricity. The first number given in the last column is the confidence resulting from comparison with the cluster ensemble on that line with the ensemble on the following line (next higher redshift datafile). The following number (in parentheses) is the confidence resulting from comparison with the ensemble two redshift bins higher (i.e. between redshift 0 and 0.2 or 0.25)
Although there is a significant signal in a variety of both optical and X-ray data samples that galaxy clusters have undergone a morphological evolution, becoming significantly more circular since z = 0.1, we have not found this in our ensemble of simulations. There is such evolution only in the OCDM1 simulation sample for 0.1 ≤ z ≤ 0.2. OCDM3 has evolution in the opposite sense over the same redshift interval. Evolution found in data by MCM was found only for z ≤ 0.1; that found by Plionis was for z ≤ 0.18 and in fact appeared concentrated in lower redshift ranges. It was confirmed (Plionis, personal communication) that no ellipticity evolution appears in that sample for z ≥ 0.13. Despite the differences in codes and lesser differences in cluster selection procedures, none of the simulated samples showed significant eccentricity evolution over the crucial period 0 ≤ z ≤ 0.1. Evolution similar to that found in the data would correspond roughly to eccentricity dropping from about 0.8 to 0.7 during that period, which would stand out with high significance in our simulations.
Discussion
In some way, the simulations as we have analyzed them do not faithfully model the observed "local" Universe. There are a variety of ways to account for this; we will mention a few.
We initially used a normalization σ 8 =0.93. There is a hint in the OCDM1 results that a lower normalization might produce the strong evolution seen in the data in the redshift range needed. The OCDM2 and OCDM3 results provide evidence against this hypothesis (see Table 1 and Figure 3 ).
The most obvious possibility is observational selection effects. The sign of the effect needed is that more eccentric clusters are included in cluster surveys when they are far away than when they are close.
The data used in MCM and Plionis (2002) are based on optical cluster catalogs. In MCM, they used subsets of the Abell/ACO catalogs that had published ellipticities (in either X-ray or optical). Plionis (2002) used a subset of the Automated Plate Machine (APM) clusters as published in Dalton et al. (1997) , with ellipticities as given in Basilikos, Plionis, and Maddox (2000) . Plionis (2002) also looked at Abell/ACO clusters in their APM sample and found the same ellipticity evolution as for the entire sample. All of these results are based on optical cluster catalogs.
In the optical and Xray samples examined in MCM, ellipticity appears to increase with redshift for all samples. This increase exists in all samples studied in both papers, but the way in which it appears is different for different samples: (1) a lack of nearby highly elliptical clusters (compared to higher redshift); (2) an increase in the number of highly elliptical clusters at higher redshift (compared to nearby); (3) a lack of highly circular clusters at high-z (compared to low-z); and of course any combination of these. In fact, there are observed samples consistent with all of these possibilities (MCM, Plionis 2002) . It is worthwhile asking whether selection effects (both at the low-z and the high-z end of the cluster samples) could play a role in this correlation.
For instance, it is possible that both the APM and the Abell/ACO catalogs are incomplete at low redshifts and that those clusters missing from the sample have significant ellipticity. Likewise, an incompleteness in circular clusters at higher redshifts is also possible. This latter case seems less plausible, since such "regularly" shaped clusters should be easy to identify. Ebeling et al. (1999) claimed that high levels of substructure will lead to a decreased probability of cluster selection. If one equates increased ellipticity with increased substructure, then while the selection of clusters can vary with the ellipticity of the the cluster, the selection function for regularly shaped (circular) clusters should be stable over the range of redshifts examined in MCM and Plionis et al. In this case it is doubtful that circular clusters would be preferentially missed at higher redshifts.
However, Adami et al. (2000) conducted extensive testing on their X-ray cluster selection function (for the Serendipitous High-Redshift Cluster (SHARC) survey (Romer et al. 2000) ). They reported that highly elliptical clusters were more easily found at high redshift. Adami et al. note that for a fixed cosmology, an elliptical cluster will have a higher central surface brightness than a circular cluster with the same luminosity. They found that this effect was only significant at the high-z limit of the SHARC survey, where the selection function is very sensitive to the central surface brightness of a cluster. All redshifts simulated by Adami et al. were greater than the ones considered here. In spite of this objection, it is possible that elliptical clusters could be more easily detected at high-z and that some highly circular clusters could be missed at high-z. Since all of the samples examined in MCM and Plionis et al. were optically selected, one would have to assume that an analogous effect could be present in optical samples.
In general, it remains unclear how ellipticity affects the selection of clusters. The argument made by Ebeling et al. (1999) that clusters with substructure are harder to detect, need not necessarily translate into elliptical clusters being harder to detect. The use of extensive simulations (as in Adami et al. 2000) is probably a requirement before any conclusions can be drawn regarding a ellipticity evolution in any given dataset. Unfortunately, the selection procedures used for the cluster samples in Plionis (2002) and MCM are so complicated that their selection functions are too difficult to model. Our best hope is to examine the next generation of cluster catalogs (e.g. from the Sloan Digital Sky Survey) whose completeness and selections should be well-measured.
It is possible that the method of defining included mass and computing eccentricity could affect these results. However, we also explored using a friends of friends algorithm, as well as various HOP parameters, and abandoning the annulus method in favor of inclusion of all mass in the clusters. None of these changed the evolution of eccentricity, though some changed its amplitude (consistently over redshifts, so as to preserve the lack of evolution).
Another possibility is that the simulations are missing crucial physics which might induce this change. Although violent relaxation may isotropize objects through the time-dependent gravitational potential, we cannot exclude processes in the hot gas which is the dominant baryonic component of the clusters. Radiative cooling may cause the gas to contract, gravitationally entraining some of the dark matter. Also, it has been shown (Narayan and Medvedev 2001 ) that thermal conduction may be important, especially in the turbulence following major mergers.
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